The cerebellar role in non-motor functions is supported by the clinical finding that lesions confined to cerebellum produce the cerebellar cognitive affective syndrome. Nevertheless, there is no consensus regarding the overall cerebellar contribution to cognition. Among other reasons, this deficiency might be attributed to the small sample sizes and narrow breadths of existing studies on lesions in cerebellar patients, which have focused primarily on a single cognitive domain. The aim of this study was to examine the expression of cerebellar cognitive affective syndrome with regard to lesion topography in a large group of subjects with cerebellar damage. We retrospectively analysed charts from patients in the Ataxia Lab of Santa Lucia Foundation between 1997 and 2007. Of 223 charts, 156 were included in the study, focusing on the importance of the cerebellum in cognition and the relevance of lesion topography in defining the cognitive domains that have been affected. Vascular topography and the involvement of deep cerebellar nuclei were the chief factors that determined the cognitive profile. Of the various cognitive domains, the ability to sequence was the most adversely affected in nearly all subjects, supporting the hypothesis that sequencing is a basic cerebellar operation. proposed that cerebro-cerebellar connectivity is based on discrete 'parallel circuits'. These parallel loops are organized such The data are reported as mean (SD). BilCb = bilateral cerebellar group; CA = cerebellar atrophy group; Cb = total cerebellar group; focal = focal cerebellar lesion; LCb = left cerebellar group; RCb = right cerebellar group; M = male; F = female. Cerebellar cognitive profile Brain 2011: 134; 3672-3686 | 3673 by guest on October 6, 2016 http://brain.oxfordjournals.org/ Downloaded from LesNclCb = involvement cerebellar deep nuclei within lesion; LesNclSurg = involvement cerebellar deep nuclei in surgical lesions; NoLesNclCb = no involvement cerebellar deep nuclei within lesion; NoLesNclSurg = no involvement cerebellar deep nuclei in surgical lesions; PICA = posterior inferior cerebellar artery; RM-I = subjects with magnetic resonance image; SCA = superior cerebellar artery; M = male; F = female.
Introduction
For over 100 years, the cerebellum has been considered to be involved strictly in motor control. Whereas cerebellar function in cognition has been much debated, the fascinating story of cerebellar studies has been recently reviewed by Schmahmann (2010) .
In the past two decades, increasing evidence has been generated on non-motor cerebellar function (Bower, 1997; Molinari et al., 1997 Molinari et al., , 2009 Schmahamann, 1997; Leggio et al., 2000 Leggio et al., , 2008 Burk, 2007; Timmann and Daum, 2007) . Most of the interest in high cognitive cerebellar function has stemmed from well-described anatomical evidence of cerebello-cortico-cerebellar connections with non-motor cortical areas (Middleton and Strick, that cerebellar regions that receive input from a given cortical area relay output back to the same cerebral area, thus forming parallel segregated circuits.
Cortical regions that mediate such organization include the premotor, prefrontal and parietal areas, which are concerned with not only various aspects of motor function but also cognitive behaviour (Strick et al., 2009; Grimaldi and Manto, 2011) . With regard to the cerebellum, cognitive regions have been identified in the posterior lobes (Krienen et al., 2009) . Schmahmann and Sherman (1998) described the 'cerebellar cognitive affective syndrome', reporting impairments in executive functions, disturbances in spatial cognition, language deficits and personality changes in subjects with cerebellar pathologies. The list of cognitive functions that are impaired in association with cerebellar malfunction is expansive, including executive functions (Kim et al., 1994; Gottwald et al., 2004; Bellebaum and Daum, 2007) , visuospatial functions (Neau et al., 2000; Molinari et al., 2004) , working memory (Desmond et al., 1997; Silveri et al., 1998; Chiricozzi et al., 2008) , verbal memory (Grasby et al., 1993) , linguistic processing (Petersen et al., 1989; Klein et al., 1995) , verbal fluency (Leggio et al., 2000; Peterburs et al., 2010) , procedural learning (Molinari et al., 1997; Shin and Ivry, 2003) , attention Gottwald et al., 2003) , sequencing Moberget et al., 2008) and emotion (Schmahmann and Sherman, 1998; Turner et al., 2007) .
Consistent with studies on lesions, functional MRI data on healthy subjects have demonstrated cerebellar activation in several cognitive functions, wherein a consensus has been forming on the topographical distribution of various cognitive domains in the posterior lobe of the cerebellum, independent of sensorimotor somatotopy (Stoodley and Schmahmann, 2009) .
Despite the vast literature on neuroimaging, the complexity of the functional domains that require cerebellar processing and the inability to link cognitive impairments and cerebellar diseases clinically have prompted studies on lesions to determine the cerebellar contribution to cognition (Grodd et al., 2001 Riecker et al., 2005; Habas et al., 2009; O'Reilly et al., 2010) . The patient groups that have been examined have been small, and most studies have focused on single cognitive domains Marien et al., 2001; Scott et al., 2001; Hokkanen et al., 2006; Callan et al., 2007; Tavano et al., 2007) , rendering it difficult to create a reliable profile of cerebellar cognitive impairments. To describe the cerebellar cognitive spectrum, we retrospectively analysed the cognitive performance of many subjects with cerebellar lesions.
Materials and methods
We analysed 223 charts of cerebellar patients who were admitted for rehabilitation to or followed up at the Ataxia Lab of Foundation Santa Lucia Hospital between 1997 and 2007. Sixty-seven patients were excluded because they had lesions that affected the cerebral cortex or non-cerebellar subcortical regions, head trauma, a history of alcohol or drug abuse, or pre-existing psychiatric conditions. Ultimately, 156 patient charts, comprising 84 males and 72 females, were selected and further analysed.
For statistical comparisons, patients with focal or atrophic damage were grouped by aetiology or location of the lesion, as described in Tables 1-3. Note that this grouping allowed patients to belong to different groups simultaneously when appropriate. Some patients had participated in previous studies (Leggio et al., 2000 Molinari et al., 2004 Molinari et al., , 2005 Restuccia et al., 2007) .
The focal cerebellar lesions consisted of ischaemic or haemorrhagic stroke or surgical ablation due to arteriovenous malformations or tumours. Lesion characteristics are described in Table 4 and in Fig. 1 . In cases in which neuroimages were unavailable, the properties of the lesions were reconstructed from written reports in the charts. The number of patients with neuroimages is detailed in Table 3 . When MRI or Computer assisted tomography (CAT) images were available, accurate lesion localizations were drawn ( Fig. 1 ). When 3D-T 1 -weighted magnetization-prepared rapid acquisition gradient-echo (3D MPRAGE) images (Mugler and Brookeman, 1990) were acquired, lesion extensions were assessed after spatial normalization (Brett et al., 2001) ; otherwise, the lesions were reconstructed manually, referring to T 1 -and T 2weighted 2D MRI images or CAT images. Lesions were overlain on the coronal T 1 -weighted template in Schmahmann et al. (2000) .
The involvement of specific cerebellar structures was evaluated using the Schmahmann et al. (2000) 3D MRI atlas of the human cerebellum and the 3D MRI atlas of human cerebellar nuclei (Dimitrova et al., 2002 . Nuclear involvement was determined from the MRI coordinates of the lesion images or, in specific cases, if it was clearly indicated in the radiologist's report. With regard to reconstruction of the lobular distribution of the lesion, only subjects with neuroimages available for review were considered.
All patients underwent a neurological examination, and their motor impairments were quantified using a modified version of the cerebellar motor deficit scale, proposed by Appollonio et al. (1993) , which ranges from 0 (the absence of any deficit) to 42 (the presence of all deficits to the highest degree). The procedures were approved by the Foundation Santa Lucia Ethical Committee; written consent for anonymous use of clinical data was obtained from each subject.
Neuropsychological assessment
The general cognitive profiles of the patients were assessed using Foundation Santa Lucia Ataxia Lab charts. The results of the following tests, grouped according to the primary function that was measured (Lezak, 1995) , were collected from the patients' charts: (i) verbal memory: immediate and delayed recall of Rey's 15 words (Rey, 1958) ; forward and backward digit span (Wechsler, 1945; Orsini et al., 1987) ; (ii) visuospatial memory: Rey-Osterrieth Complex Figure Test (recall) (Caffarra, 2002) ; immediate visual memory (Caltagirone et al., 1995) ; forward and backward Corsi (Corsi, 1972) ; (iii) language: Wechsler Adult Intelligence Scale-revised (WAIS-r), vocabulary subtest (Wechsler, 1981; Laicardi, 1997, 2003) ; Wechsler Adult Intelligence Scale-revised comprehension subtest (Wechsler, 1981; Laicardi, 1997, 2003) (note that based on the charts that were recovered, in most cases, tests that assessed general language were absent, and only subtests that examined high-level linguistic functions were available); (iv) executive functions: semantic fluency (Borkowsky et al., 1967) ; phonological fluency (Borkowsky et al., 1967) Wechsler Adult Intelligence Scale-revised similarities subtest (Wechsler, 1981; Laicardi, 1997, 2003) ; temporal rules induction (Villa et al., 1990) ; (v) attention: multiple features targets cancellation task (Gainotti et al., 2001) ; lines cancellation task (Gainotti et al., 2001) ; Wechsler Adult Intelligence Scale-revised arithmetic subtest (Wechsler, 1981; Laicardi, 1997, 2003) ; (vi) visuospatial abilities: Rey-Osterrieth figure (copy) (Caffarra, 2002) ; Wechsler Adult Intelligence Scale-revised block design subtest (Wechsler, 1981; Laicardi, 1997, 2003) ; Wechsler Adult Intelligence Scale-revised object assembly subtest (Wechsler, 1981; Laicardi, 1997, 2003) ; copying drawings (Gainotti et al., 1977) ; copying drawings with landmarks (Gainotti et al., 1977) ; (vii) sequencing abilities: Wechsler Adult Intelligence Scale-revised picture arrangement subtest (Wechsler, 1981; Laicardi, 1997, 2003) ; verbal sequences ; behavioural sequences ; spatial sequences ; and (viii) intellectual level: Raven'47 progressive matrices test (Raven, 1949) .
Due to the retrospective nature of the study, not all subjects performed all tests, as detailed in Table 5 . The tests were administered in Italian.
Statistical analysis
To compare performances between tests, raw scores were converted to Z-scores, according to the following formula: (subject AOA 2 = ataxia with oculomotor apraxia type 2; CA plus = cerebellar atrophy with extra-cerebellar disorders; HSP = hereditary spastic paraparesis; OPA = olivo-ponto-cerebellar atrophy; SCA1 = spino-cerebellar ataxia type 1; SCA2 = spino-cerebellar ataxia type 2; M = male; F = female. raw score À population mean)/population standard deviation (SD).
Published normative data were used for the following tests: Immediate and delayed recall of Rey's 15 words, Rey-Osterrieth Complex Figure Test , recall and copy version, immediate visual memory, phonological fluency, copying drawings and copying drawings with landmarks. The tests that lacked published normative data are listed in Table 6 with the demographic and performance data from specific control groups. No control subject had a history of neurological or psychiatric illness, and all controls were well matched with regard to age and education (independent-sample t-test: P = not signficant).
For each cognitive function, a single Z-score was obtained by calculating the mean Z-scores of the tests, grouped according to that function. The raw group scores in each task are reported in Supplementary  Table 1 . Student's t-test for independent samples and one-way ANOVA were applied when appropriate. When significant differences were observed, post hoc comparisons were made using Bonferroni post hoc test, and Bonferroni-adjusted P-values (P bonf ) were reported. Pearson correlations between motor scores and cognitive functions were calculated. All statistical analyses were performed using Statistical Package for the Social Sciences.
Results
As a group, subjects with cerebellar damage (Fig. 2) had negative Z-scores for all cognitive domains. In particular, linguistic and sequencing scores were À 1, generally considered to indicate pathology. In executive and visuospatial functions, score approximated the ranking limit ( À 0.93 and À 0.98, respectively). Intellectual level was preserved (Raven'47 in Tables 1-3) , wherein only three subjects in the paraneoplastic group had a Raven'47 mean value just below the cut-off (Table 2) . No correlation was observed between motor score and most cognitive domains, with the exception of executive functions and visuospatial ability (P = 0.01 and P = 0.00, respectively). In particular, with regard to (2000) . When 3D-T 1 -MPRAGEs were acquired, lesion extensions were assessed after spatial normalization; otherwise the lesions were manually reconstructed referring on T 1 -and T 2 -weighted 2D MRI images or CAT images. Case codes as in Table 4 . Verbal memory  154  43  28  76  78  12  25  12  48  Rey's 15 words short term  140  38  27  70  70  12  22  11  44  Rey's 15 words long term  139  37  27  69  70  12  21  11  43  Forward digit span  124  35  24  63  61  11  18  12  40  Backward digit span  124  35  24  63  61  11  18  12  40  Visuospatial memory  153  42  27  75  78  11  24  12 motor deficit, no patient presented with buccofacial, limb-kinetic or ideational apraxia. The results in the cerebellar damage group were confirmed when subjects with focal damage and degenerative cerebellar pathologies were considered separately. Further, the cerebellar atrophy group tended to have lower scores on all functions than those with focal damage. The differences were significant for language (P = 0.039) and executive functions domains (P = 0.012) (Fig. 2) .
Due to the retrospective nature of the study, we did not have neuroimages of lesions for some patients-only a written report (Table 3) . To evaluate the possible effects of anatomical reconstruction errors, we performed an analysis that only considered patients in the focal group who had available neuroimages, demonstrating a pattern that approximated that for the entire group of patients with focal lesions (Supplementary material). Thus, data from the entire group of patients will be presented. The only exception regarded the effects of the deep cerebellar nuclei damage. In this latter group, the sample reduction, although not affecting the general pattern, induced quite relevant changes to the statistical significance. Therefore, as regards deep cerebellar nuclei effect, data from both groups are presented and discussed.
Cerebellar atrophy
Cognitive function has been examined in many types of cerebellar atrophy, in which it is impaired to varying degrees (Burk et al., 2007) . To identify aetiology-related differences, we selected groups with at least five subjects that had the same diagnosis for further analysis ( Table 2 ). The diagnosis of cerebellar atrophy plus (cerebellar pathologies plus) was made as per Gilman et al. (2008) . The diagnosis of olivo-ponto-cerebellar atrophy was reserved for cases that did not meet the cerebellar pathologies plus criteria (Berciano et al., 2006) . The three cases with hereditary spastic paraparesis presented the following cerebellar symptoms: all had upper extremity dysmetria, two had oculomotor hypermetria and nystagmus, and one had dysarthria.
Subjects with Friedreich's ataxia had the least impaired cognitive performance; this group scored more than À 1 on all functions (Fig. 3) . The olivo-ponto-cerebellar atrophy group experienced the greatest impairments, in which language ( À 2.22) and visuospatial ability ( À 2.02) were particularly defective and executive functions ( À 1.50), sequencing abilities ( À 1.87) and visuospatial memory ( À 0.91) had Z-scores that exceeded or approximated the À 1 limit (Fig. 3) . Patients with spinocerebellar atrophy type 1 and cerebellar ataxia and extracerebellar disorders (cerebellar pathologies plus) performed similarly to the olivo-ponto-cerebellar atrophy group (Fig. 3) . By one-way ANOVA, significant group differences were observed in only sequencing abilities (P = 0.002). By post hoc test, Friedreich's ataxia differed from spinocerebellar atrophy type 1 (P Bonf = 0.028) and cerebellar atrophy plus (P Bonf = 0.002).
Laterality effects
The patients affected by focal lesions on the right (right cerebellar damage) or left side (left cerebellar damage) presented similar cognitive profile. Specifically, a Z-score of À 1 was achieved for sequencing ability in all subgroups of patients and in language ability in the left cerebellar damage group. Further, scores that neared the À 1 limit were observed for executive ( À 0.92) and visuospatial ( À 0.99) abilities in the group with right cerebellar damage (Fig. 2) . Statistical comparisons did not demonstrate any group statistical significance.
Vascular territory effects
Patients were grouped by the vascular area that was affected by the lesion into superior cerebellar artery and posterior inferior cerebellar artery groups (Table 3) ; no charts were available for subjects with lesions in the anterior inferior cerebellar artery territory.
Patients with lesions in the superior cerebellar artery territory had preserved cognitive profiles; all cognitive domain Z-scores were $0. Conversely, the posterior inferior cerebellar artery group had deficits in several cognitive functions. Z-scores that were less than À 1 were observed for linguistic, executive, visuospatial and sequencing abilities (Fig. 2) .
By statistical analysis, differences in performance were observed between the posterior inferior cerebellar artery and superior cerebellar artery groups. By independent-sample t-test, patients with posterior inferior cerebellar artery lesions performed significantly worse on verbal memory (P = 0.018), language (P = 0.008), visuospatial (P = 0.02) and executive function (P = 0.003) than those with superior cerebellar artery lesions. The posterior inferior cerebellar artery territory involves the posterior cerebellar lobe, and the prevalence of cognitive deficits in the posterior inferior cerebellar artery group is consistent with observations in subjects with posterior lobe lesions (Schmahmann and Sherman, 1998; Levisohn et al., 2000; Exner et al., 2004; Schmahmann, 2004; Schoch et al., 2006; Tavano et al., 2007) .
Deep cerebellar nuclei effects
The importance of deep cerebellar nuclei in cognition has been emphasized recently, primarily on the basis of functional MRI data (Habas, 2010) . There has been some debate in the clinical literature (Schoch et al., 2006; Schmahmann et al., 2009 ) regarding the impact of lesions that affect the two major elements of the corticonuclear microcomplex, i.e. the cerebellar cortex and the cerebellar deep nuclei (Ito, 2006) , either alone or in combination. To focus on this aspect, we compared subjects with lesions of the deep cerebellar nuclei with those in whom the deep cerebellar nuclei were spared ( Table 3 ). Considering that deep cerebellar nuclei lie primarily in the posterior inferior cerebellar artery territory, in which the cognitive relevant cerebellar cortical areas of the posterior lobe are located, we further evaluated the presence/absence of damage to deep cerebellar nuclei on cognition in non-vascular surgical cases with lesions involving the posterior lobe (Table 3) . Deep cerebellar nuclei assume a clear topographical organization, in which motor and cognitive functions are segregated (Strick et al., 2009; Habas, 2010) . Nevertheless, we could not subdivide the patients according to topography of the deep cerebellar nuclei lesion, based on the available neuroimaging data. Generally, the group in which the deep cerebellar nuclei were spared had preserved cognitive profiles. In contrast, subjects with lesions of the deep cerebellar nuclei had Z-scores that were lower or close to the À 1 limit for sequencing (À 1.35), linguistic ( À 0.98), and executive ( À 0.94) functions (Fig. 2) . Cognitive profile differences were significant with regard to visuospatial memory (P = 0.005), executive function (P = 0.026), attention (P = 0.031) and sequencing (P = 0.047). On the other hand, it must be noted that these significances were lost if only subjects with available neuroimages were considered ( Supplementary Fig.1) .
The same general pattern of low performances in presence of deep cerebellar nuclei lesion was preserved when subjects with surgical lesions were considered separately (Fig. 2) . Due to the small number of subjects with surgical lesions not involving deep cerebellar nuclei we were unable to perform any statistical comparison. The group with surgical lesions not involving deep cerebellar nuclei had Z-scores above or around the mean of normal population in all cognitive domains. Conversely, patients with surgical lesions of the deep cerebellar nuclei had negative Z-scores for all cognitive domains, except verbal memory. In particular, Z-scores at the À 1 limit was evidenced for sequencing ( À 1.02) and linguistic ( À 1.00) functions.
Lobular distribution of impaired performance
The lobular distribution, reported as the percentage of subjects with impaired performance whose lesion involved a given lobule, is shown in Fig. 4 . Besides the overall relevance of the posterior lobe, the data implicate Crus I and II as the prevalent areas of lesion overlap that are related to deficits in visuospatial memory, verbal memory and attention.
Discussion
This study describes the cognitive profiles of subjects with various cerebellar pathologies. All major cognitive domains reported affected by cerebellar damage (Schmahmann and Sherman, 1998) were examined. As a group, subjects with cerebellar damage had normal levels of intellect with poor performance with regard to definite cognitive abilities, as evidenced by below-average Z-scores in all tested domains (negative Z-scores in Fig. 2) . Affected functions presented scores in the lower range of normal limits. These findings are consistent with the hypothesis that cerebellar injury does not abolish specific cognitive functions-instead rendering them less efficient Hokkanen et al., 2006) .
The reconstruction of the lobules that are affected by focal lesions (Fig. 4) confirms the general pattern of the involvement of posterior lobules in various cognitive functions, as described by Stoodly and Schmahmann (2009) . The differences in association between lobules and functions are likely due to disparities in test grouping between the two studies.
Cerebellar atrophy
The group with cerebellar damage comprised subjects with focal or degenerative damage. Although we excluded subjects with grouped based on the function on which they had a Z-score 4À 1. In the first row, the total number of subjects with Z-score 4À 1 for each cognitive function is reported. The grey scale indicates the percentage of subjects with impaired performance whose lesions involved a given lobule. evidence of extracerebellar lesions from the focal group, extracerebellar structures were often affected in the cerebellar atrophy group. Thus, subjects with focal damage represent the best model to analyse cerebellar functional topography. The clinical description of subjects with cerebellar atrophies, however, is important in characterizing the impairments that develop in specific pathologies.
The presence of cognitive impairments in subjects with degenerative ataxia has long been debated (Fehrenbach et al., 1984) ; recently, specific cognitive patterns have been proposed for different genetic ataxias (Klinke et al., 2010) . In our group, patients who were affected by cerebellar atrophy (cerebellar atrophy group, Fig. 2) , such as those with focal lesions (focal damage group, Fig. 2) , had negative scores on all domains. The worst performance was observed for language, executive, visuospatial and sequential abilities. As shown in Table 2 , the atrophy group comprised disparate clinical presentations. Differences in diagnosis are also reflected in cognitive performance (Fig. 3) .
For five pathologies (Friedreich's ataxia, idiopathic cerebellar ataxia, olivo-ponto-cerebellar atrophy, spinocerebellar atrophy type 1 and cerebellar pathologies plus; Fig. 3 ), the sample size was large enough to perform a statistical analysis. The group with Friedreich's ataxia had positive or slightly negative scores on all domains, which is consistent with the prevalence of the pathology in non-cerebellar regions and with previous reports that have observed only mild cognitive impairments in Friedreich's ataxia (Hart et al., 1985; Botez-Marquard et al., 1993; Wollman et al., 2002; Mantovan et al., 2006) . Conversely, the prevalence of deep nuclei degeneration within the cerebellum (Pandolfo, 2009 ) might explain the findings of cognitive deficits in a pathology highly involving peripheral nerves and sensory tracts (Marmolino, 2011) . The substantial preservation of the cognitive profile in our subjects with Friedreich's ataxia and the inability to acquire MRI morphometric data prevented us from speculating on the genesis of cognitive impairments in Friedreich's ataxia.
Cognitive performance in spinocerebellar atrophy type 1 has been reported by several groups (Kish et al., 1988; Burk et al., 2003) , demonstrating impairments in executive, language and visuospatial functions. The patterns in patients with spinocerebellar atrophy type 1 in our study strengthen these observations, revealing patent difficulties on sequencing tasks. Idiopathic cerebellar ataxia remains a clinical condition that lacks specific genetic markers in which various pathological substrates might coexist, rendering it difficult to define the idiopathic cerebellar ataxia clinical profile precisely. In our sample, cognition in patients with idiopathic cerebellar ataxia was more adversely affected than in subjects with Friedreich's ataxia. The greatest impairments were observed in cerebellar atrophy plus and olivo-ponto-cerebellar atrophy groups.
Due to the small number of subjects in each group and the high Z-score SD, no statistical group significance was detected.
Laterality effects
In recent years, consistent with the discovery of segregated parallel cerebello-cortico-cerebellar loops (Strick et al., 1993; Strick, 1994, 1996; Schmahmann and Pandya, 1997) , several groups have demonstrated the importance of the topography of cerebellar lesions in cognition (Tavano et al., 2007; Stoodley and Schmahmann, 2010 ), suggesting differences in cognitive impairments between right or left focal cerebellar damage (Fiez et al., 1992; Riva and Giorgi, 2000; Scott et al., 2001; Gottwald et al., 2004; Gross-Tsur et al., 2006; Hokkanen et al., 2006) . In our large sample, the side of the cerebellar lesion did not influence the cognitive profile (Fig. 2) .
The cerebellum acts within the complex cortical-subcortical network, which mediates cognitive functions (Middleton and Strick, 1997; Schmahamann and Pandya, 1997) . Based on the functional lateralization of the cerebral cortex and the crossing of cerebello-cortico-cerebellar connections, the right cerebellar hemisphere should be involved in verbal performance and the left hemisphere should be critical for spatial performance (Baillieux et al., 2010) . Cerebral cortex functions are not completely lateralized, however, and bilateral cortical activation during linguistic and spatial tasks has been reported in functional MRI studies (Knecht et al., 2000; van Ettinger-Veenstra et al., 2010) .
Consistent with this evidence of bilateral activation, studies on lesions have observed deficits in language after right and left cerebellar damage (Leggio et al., 2000; Fabbro, 2000 Fabbro, , 2004 . Further, specific language-related impairments have been demonstrated after the development of left cerebellar lesions (Cook et al., 2004) .
How is this possible? It has been suggested that cerebellar processing is not linked to a specific subcomponent of a given function but instead provides support to all components, particularly in smoothing their interplay (Leggio et al., 2011) . If such a mechanism exists, then a function whose subcomponents are distributed bilaterally, such as language, should be affected by right and left lesions. However, in spite of the bilateral impairment, in-depth analyses have often demonstrated right-left specificity (Molinari et al., 2004; Leggio et al., 2008) .
Another example concerns the visuospatial abilities that are affected in the presence of left or right cerebellar damage, although differences can be observed by comparing the performance of patients with left or right lesions-subjects with the former are very slow but correct in their spatial processing, whereas those with the latter are quicker but inaccurate. These differences have been interpreted to mean that within a distributed function, modules can be differentially affected by cerebellar damage .
Published findings and our results converge in describing the complex interplay between the cerebellum and cortical hemispheres but do not allow us to address the degree of right/left asymmetry in cerebellar cognitive functions clinically. posterior lobe (Schmahmann, 2000) . Thus, a comparison between patients with stroke lesions in the superior cerebellar artery or posterior inferior cerebellar artery territory allows one to evaluate anterior versus posterior cerebellar lesions.
In our sample, subjects with posterior inferior cerebellar artery performed worse than patients with superior cerebellar artery on all cognitive domains. Statistically significant differences were noted with regard to verbal memory, language, visuospatial and executive functions. Leiner and Dow (1986) emphasized the contribution of phylogenetically new posterior components of the cerebellum to 'mental skills'. Their hypothesis was based on the observation that the dentate nucleus enlarges in parallel with the frontal cortex during phylogenetic and ontogenetic development. This model was proposed by several groups implicating the cerebellar posterior lobe and dentate nucleus in various cognitive domains (Schmahmann and Sherman, 1998; MacLeod et al., 2003; Krienen et al., 2009) .
In a series of elegant studies (Hoover and Strick, 1999; Kim et al., 1994; Middleton and Strick, 1998; Strick et al., 2009) it was observed that the output channels to the prefrontal and posterior parietal areas are clustered in the ventral and caudal region of the dentate nucleus. These output channels are segregated from those in the dorsal dentate that target motor areas of the cortex (Habas, 2010) . Current evidence supports a model of a motor anterior lobe versus 'cognitive' posterior lobe, providing clinical indications, consistent with recent reports (Grimaldi and Manto, 2011) , that superior cerebellar artery and posterior inferior cerebellar artery territory lesions can be differentiated based on motor or cognitive symptom.
Deep cerebellar nuclei effects
The deep cerebellar nuclei facilitate cerebello-thalamo-cortical projections, and the cerebellar cortex, by inhibiting the activity of the nuclei, blocks cerebellar activation of the cerebral cortex (Tarnecki, 2003) . Thus, cortical cerebellar lesions should affect disparate symptoms than lesions that involve the deep cerebellar nuclei. In addition to animal models, this pattern has been observed in cerebellar patients (Di Lazzaro et al., 1994) .
Recently, in addition to its relevance in motor recovery (Schoch et al., 2006) , the importance of deep cerebellar nuclei in cognition has been demonstrated by anatomical (Strick et al., 2009 ) and functional MRI data (Habas, 2010) . In our study, we were able to make careful reconstructions of lesions from MRI images and identify the deep cerebellar nuclei in 62 of 78 subjects with focal lesions, allowing us to group patients and compare performance based on the presence or absence of damage to the deep cerebellar nuclei. The two groups performed differently on all cognitive domains, wherein subjects with spared deep cerebellar nuclei had better scores than those with damage to the deep cerebellar nuclei (compare subjects with lesions of the deep cerebellar nuclei versus those in whom the deep cerebellar nuclei were spared in Fig. 2 ) These differences reached statistical significance for visuospatial memory, executive functions, attention, visuospatial and sequencing abilities. Nevertheless, since these significances were lost when only subjects with available neuroimages were analysed ( Supplementary Fig. 1 ), these findings must be considered with caution.
That subjects with posterior inferior cerebellar artery territory and deep cerebellar nuclei lesions experienced the most significant impairments in performance requires further consideration. Because the ventral part of the dentate nucleus lies primarily with the posterior inferior cerebellar artery, the two groups overlap. To distinguish between posterior inferior cerebellar artery territory and deep cerebellar nuclei effects, we examined separately patients with surgical lesions taking into account involvement/ sparing of the deep cerebellar nuclei. Although this approach consistently reduced our sample size, not allowing statistical comparisons, it confirmed that cognitive impairment tended to be larger in the presence of deep cerebellar nuclei damage.
These findings underscore the possible significance of deep cerebellar nuclei damage in evaluating cognitive impairments. However, present data do not allow us to solve the question. Examining symptoms with regard to deep cerebellar nuclei versus cerebellar cortical damage is a relatively new discipline of clinical cerebellar study. Evidence of motor (Schoch et al., 2006) and cognitive (this study) symptoms is consistent with the reported experimental findings (Tarnecki, 2003) in differentiating deep cerebellar nuclei and cortical damage. Nevertheless, this view has been challenged ) and awaits resolution.
Lobular distribution of impairments in performance
Functional distribution in cerebellar lobules has been addressed by several neuroimaging studies and reviewed in a meta-analysis by Stoodley and Schmahmann (2009) . Neuroimaging and lesion data are difficult to compare. Further, we and Stoodley and Schmahmann (2009) grouped and analysed functional domains differently. Nevertheless, both studies implicated the posterior lobe as relevant in cognition.
However, the activation peaks and overlap of lesions differed. The highest number of instances of significant activation during cognitive tasks was observed in lobules VI and VII (Crus I and II) (see Ale values in Table 3 of Stoodley and Schmahmann, 2009 ). Our lesion overlap data indicated a more widespread distribution of cognition-relevant lobules. The lesion cognition map involved lobules VII (Crus I and II), VIIB and VIIIA, with only partial involvement of lobule VI (Fig. 4) . Thus, both approaches have limitations, for which prospective studies are needed to map cerebellar cognitive topography.
Study limitations
The influence of cerebellar motor deficits on cognitive performance has important implications. In our retrospective study, motor impairments were analysed using the available cerebellar motor scale, primarily in subjects with subacute or chronic lesions in a rehabilitation hospital, in whom motor functions usually recover (Kelly et al., 2001; Schoch et al., 2006) . Thus, these issues limited our analysis of motor symptoms, and correlation studies were limited to the overall group. In light of this consideration, our study should be regarded as a snapshot of cerebellar cognitive domains-not a detailed description of the interactions with cerebellar motor deficits. Conversely, this limitation has been encountered in studies that have focused on specific cognitive functions in small groups of subjects (Ackermann et al., 2004; Timmann et al., 2004; Molinari et al., 2005) .
Due to the retrospective nature of the study, most functions were not analysed in detail. In particular, no emotional and psychological data were reported on the charts, preventing us from examining these aspects. Therefore, defining the precise nature of cerebellar processing in the various domains was beyond the scope of the study.
Conclusions
Considering all patients with cerebellar damage as a single group, language, executive function, visuospatial abilities and sequences were the most adversely affected functions. This pattern was similar on focal or degenerative damage. Our findings confirm the early description of cerebellar cognitive affective syndrome in a large population (Schmahmann and Sherman, 1998) .
Differences in these patterns appeared when the location of the focal lesion was considered. Figure 5 shows a schematic that compares cognitive patterns based on lesion topography. Initially, it appears that subjects with lesions in the posterior inferior cerebellar artery territory exhibited the worst cognitive patterns, similar to those with lesions of the deep cerebellar nuclei. Further, the entire group, with the notable exception of those in whom the deep cerebellar nuclei were spared, demonstrated the worst performance with regard to sequencing abilities.
The evidence of sequencing as a specific cerebellar impairment, in addition to the classical domains described in the cerebellar cognitive affective syndrome, needs some comment. Traditionally, sequencing has not been recognized as a discrete cognitive function. Nevertheless, sequencing abilities have been examined recently in various fields of cognitive neuroscience, as have the neuronal circuits that are involved-for example, frontal/predictive functions (Bubic et al., 2010) , spatial hippocampal functions (Igló i et al., 2010) and cerebellar processing (Leggio et al., 2011) . Sequencing can be defined as a supramodal function whose relationships with other functions, such as working memory and timing, remain unknown.
With regard to cerebellar involvement in sequencing, cerebellar damage impairs sequencing in all modalities, although modality differences are observed in relation to the anatomical distribution of the cerebellar damage Molinari et al., 2008) . Our data, which implicate sequencing as the most significantly affected cognitive function in cerebellar patients, and previous findings (Restuccia et al., 2007; Leggio et al., 2011 ) support a model in which sequencing is the basic function of the cerebellum and help define the cognitive processes that underlie sequencing.
As a supramodal function, sequencing can affect many tests, which has never been analysed. Thus, we are interested in devoting a study to this area, taking advantage of the selective sequencing nature of cerebellar cognitive impairments.
According to Courchesne and Allen (1997) , a cerebellar lesion should not eliminate cognitive function, but it should increase suboptimal variability when motor or mental tasks are performed. This model is consistent with our findings of low, but not clearly pathological, function in many domains. The cognitive profiles of our patients implicate the cerebellum as the 'optimization structure' ) of cognitive operations, indicating the various domains in which the cerebellar 'dysmetria of thought' (Schmahmann and Sherman, 1998) can be seen.
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